Septic or endotoxic shock is a complex syndrome characterized by hypotension, poor organ perfusion, and severe systemic metabolic derangements. Although the pathogenesis of septic shock is complex, it is well documented that microorganisms elicit the release of large amounts of inflammatory cytokines from activated macrophages. The inflammatory mediators are released in a cascade and include tumor necrosis factor (TNF), interleukin 6 (IL-6), and IL-1, among others (1) . The inflammatory cytokines induce the acute-phase response as well as a number of deleterious effects leading to the shock syndrome. Despite the cascade of inflammatory mediators induced by bacteria or their toxic products, a single endogenous factor, TNF, can mimic the lethal systemic responses elicited by endotoxin (37) . Therefore, attempts have been made to develop reagents that block and/or attenuate the release of TNF during sepsis.
The discovery of a new family of nuclear hormone receptors, the peroxisome proliferator-activated receptors (PPARs), has opened the possibility of elucidating additional mechanisms for the regulation of cytokine production (32) . PPARs are members of the class II family of nuclear steroid receptors which heterodimerize with the 9-cis retinoic acid receptor (RXR) (12) . PPAR-RXR heterodimers act as transcription factors which bind to 6-bp direct repeats separated by a single base pair, termed a PPAR response element (PPRE). PPREs have been identified in a number of genes involved in lipid metabolism, such as acyl coenzyme A (CoA) oxidase (9) , peroxisomal ␤-oxidation bifunctional enzyme (40) , cytochrome P450 IVA6 enzyme (23) , phosphoenolpyruvate carboxykinase (PEPCK) (36) , and lipoprotein lipase (LPL) (33) . PPAR␣ mediates the pleiotropic response to peroxisome proliferators and the hypolipidemic effect of fibrates (reviewed in reference 32) . This was demonstrated when PPAR␣ knockout mice were shown to be refractory to the effects of the classical peroxisome proliferators, clofibrate and Wy-14,643 (19) .
The interest in PPAR␣ and its role in modulating the immune response has emerged due to a number of diverse in vivo and in vitro studies. In mice lacking the PPAR␣ gene, the response to topical inflammatory mediators was prolonged compared to the response in wild-type mice (7) . Also, numerous animal studies have shown that dietary administration of (n-3) polyunsaturated fatty acids (PUFA), which are PPAR␣ activators, resulted in increased survival of the animals when they were challenged with bacteria or endotoxin (reviewed in references 3 and 38). In addition, a number of human studies have been conducted examining the effect of dietary (n-3) fatty acids, which are potential PPAR ligands, on cytokine production in endotoxin-stimulated peripheral blood monocytes. The consensus of these studies is that circulating levels of proinflammatory cytokines (TNF, IL-6, IL-1) are decreased following administration of fish oil supplements (3).
Despite the fact that PPAR␣ activators, such as the fibrates, have long been prescribed for a significant population of older patients, no one to our knowledge has examined the effect of these hypolipidemic drugs on the host response to acute inflammation, such as endotoxemia. Therefore, since TNF is one of the proximal mediators of endotoxic shock, we chose to examine the effect of PPAR␣ activators on TNF expression in well-characterized in vivo and in vitro models of endotoxemia.
MATERIALS AND METHODS
Chemicals. All chemicals were purchased from Sigma (St. Louis, Mo.) unless otherwise noted. [4-Chloro-6-(2,3-xylidine)-pyrimidinylthio]acetic acid (Wyeth [Wy]-14,643) was purchased from ChemSyn Science Laboratories (Lenexa, Kans.). Pelleted Purina rodent chow 5001 was prepared with control (no drug), 0.1% Wy-14,643, or 0.5% fenofibrate (Bioserv, Frenchtown, N.J.).
Animals. All animals were housed and cared for according to the National Institutes of Health guidelines for the care and use of laboratory animals. All experiments involving animals were approved by the Oklahoma University Health Sciences Center Institutional Animal Care and Use Committee. Male CD-1 mice (20 to 25 g) were purchased from Charles River Laboratory (Wilmington, Mass.). All experiments were conducted after the animals had acclimated for 1 week. The CD-1 mice were used in feeding experiments and fed a diet containing no drug, fenofibrate (0.5%), or Wy-14,643 (0.1%) ad libitum for 14 days. Experiments were also conducted with age-and sex-matched C57BL/ 6N ϫ Sv/129 homozygous wild-type (WT) or knockout (KO) mice for PPAR␣ (19) . In all experiments (except the lethality study), the animals were injected intraperitoneally (i.p.) with either 0.5 ml of sterile saline or a sublethal dose of Escherichia coli O111:B4 lipopolysaccharide (LPS) (12 mg/kg of body weight) (15) . At the appropriate time interval, the animals were anesthetized with metaphane and decapitated to remove trunk blood. Livers were removed and weighed. The plasma was separated and stored at Ϫ70°C. In the lethality study, CD-1 mice were fed as described earlier and challenged i.p. with LPS in doses ranging from 6 to 60 mg/kg (four mice/dose). The 50% lethal dose (LD 50 ) dose was calculated by using the Reed-Muench method (27) .
Macrophage studies. Peritoneal macrophages were elicited with thioglycollate and harvested from WT and KO mice as previously described (14) . Following attachment, the cells (10 5 per well) were treated with medium (Dulbecco's modified Eagle medium [DMEM], 10% fetal bovine serum, 1% sodium pyruvate, 100 U of penicillin/ml, and 100 g of streptomycin/ml) plus vehicle (ethanol) or medium plus Wy-14,643 at a final concentration of 50 M. After 3 days of incubation, the cells were treated with LPS at a final concentration of 10 ng/ml for 2, 4, 6, or 24 h. Cell culture supernatant fractions were harvested and stored at Ϫ70°C for TNF measurements.
TNF ELISA. Plasma samples were assayed for TNF by using a sandwich enzyme-linked immunosorbent assay (ELISA). The capture (rat anti-mouse TNF) and detecting (biotinylated rat anti-mouse TNF) antibodies were purchased from Pharmingen (San Diego, Calif.). Concentrations of TNF in the plasma samples or culture supernatant fractions were calculated from a standard curve determined by using recombinant mouse TNF (Genzyme, Cambridge, Mass.). The assay was linear between 50 and 3,200 pg/ml.
Lipid analysis. Plasma levels of total triglyceride (TG) and total cholesterol (TC) were measured by the Lipid Analysis Laboratory at Oklahoma Medical Research Foundation (Oklahoma City, Okla.).
Glucose assay. Glucose levels in plasma were determined by using a colorimetric glucose oxidase assay kit from Sigma Chemical Co.
Plasmids. A human TNF promoter fragment (Ϫ615 to ϩ90) was cloned into the SmaI site of p19Luc (8) . The mammalian expression vector, pEF-BOS was utilized to prepare the PPAR and RXR␣ expression vectors (22) . The murine (m) PPAR␣, mPPAR␥2, mPPAR␦ (20) , and mRXR␣ (kindly provided by Ron Evans, Salk Institute) cDNAs were excised from their original vectors, ligated to BstXI linkers, and subcloned into the BstXI site of pEF-BOS (29) .
Transfections. Transfections were carried out in 293T human renal epithelial cells by using the calcium phosphate method. The cells were plated at a density of 5 ϫ 10 4 cells per 35-mm 2 dish 1 day prior to transfection. The calcium phosphate-DNA coprecipitate was prepared by using 2 g of each expression vector and 1 g of TNF-luc per well. PPAR and RXR expression vectors have been shown by antibody staining to express protein following transfection in 293T cells (11) . Total DNA transfected in each group was equalized with the empty vector, pEF-BOS. Following an overnight incubation, the cells were fed with fresh medium, incubated an additional 24 h, and harvested in a 100-l volume of 25 mM glycylglycine, 15 mM MgSO 4 , 1 mM dithiothreitol, and 1% Triton X-100. Luciferase assays were performed over a 20-s period by using a 25-l aliquot of cell lysate and 100 l of reaction buffer (0.5 mM D-luciferin, 2.5 mM ATP, 7.5 mM MgSO 4 , 100 mM KH 2 PO 4 ) in a Monolight 2010 Luminometer (Analytical Luminescence Laboratory, San Diego, Calif.). Luciferase values were normalized relative to cell lysate protein and are reported as means Ϯ standard errors. Protein was quantitated by using the bicinchoninic acid (BCA) protein assay kit from Pierce Chemical Co. (Rockford, Ill.).
Statistical analysis.
Statistical analysis of the data was performed by using Student's t test for significant differences (P Ͻ 0.05), with Minitab statistical software.
RESULTS

Effect of PPAR␣ activators on LPS-induced TNF levels in
CD-1 mice. TNF has long been identified as one of the proximal mediators of septic or endotoxic shock. Since recent reports suggest that the PPARs may be important in immune regulation, we tested the effect of PPAR␣ activators on TNF expression during endotoxemia. CD-1 mice were fed for 2 weeks with rodent chow containing no drug, fenofibrate (0.5%), or Wy-14,643 (0.1%) and challenged with E. coli O111:B4 LPS (12 mg/kg). TNF levels in plasma were assessed over time in control-fed versus drug-fed mice after LPS challenge (Fig. 1) . TNF was not detectable in the saline-treated groups from either control-fed or fenofibrate-fed animals. In LPS-treated control-fed animals, TNF in plasma was detectable by 0.5 h and peaked 1 h after challenge. In LPS-treated fenofibrate-fed mice, TNF levels were significantly elevated at the 1 and 2 h time points compared to the LPS-treated controlfed group (P Ͻ 0.05). TNF was cleared from the bloodstream by 4 h in both LPS-treated groups. Similar results were obtained in animals fed Wy-14,643 (Fig. 1B) . We also measured glucose levels in plasma in the fenofibrate-fed animals, since hypoglycemia is a marker of acute endotoxemia and TNF, like LPS and IL-1, induces hypoglycemia (17) . As shown previously in this model (15, 16) , plasma glucose levels decreased over time, with hypoglycemia observed 4 h after LPS treatment (Fig. 2) . Plasma glucose levels were also significantly lower (P Ͻ 0.05) at the 2 h time point in LPS-treated fenofibrate-fed versus LPS-treated control-fed animals.
The efficacy of the feeding regimen was assessed by measuring body weight, liver weight, plasma TG, and plasma TC levels of control and drug-fed animals ( Table 1 ). Animals that were fed fenofibrate or Wy-14,643 had significantly larger livers (P Ͻ 0.05) than control-fed animals, due to the peroxisome and cell proliferative effect of the compounds (24) . Body weight was also significantly decreased (P Ͻ 0.05) in animals fed Wy-14,643 compared to the body weight of control-fed animals. As expected, TG and TC levels were significantly decreased (P Ͻ 0.05) by approximately 50% in fenofibrate-fed mice compared to control-fed mice (34) .
Since LPS-induced TNF levels were significantly higher in fenofibrate-fed mice, we conducted a lethality study to determine if fenofibrate treatment altered mortality in response to LPS. CD-1 mice were fed control chow or fenofibrate chow for 2 weeks as described earlier and challenged with LPS (6 to 60 mg/kg). Mortality was monitored for 7 days, although all deaths occurred between 24 and 48 h. The LD 50 for control-fed CD-1 mice was 530 g/mouse (18.6 mg/kg when adjusted for body weight) versus 350 g/mouse (14 mg/kg when adjusted for body weight) for fenofibrate-fed CD-1 mice. Thus, fenofibrate treatment decreased the LD 50 for LPS by 25% compared to that for control-fed mice.
Effect of LPS on plasma TNF and glucose levels in PPAR␣ WT versus KO mice. The results described earlier suggest that activation of PPAR␣ by fenofibrate or Wy-14,643 may be involved in the regulation of TNF during endotoxemia. To test this hypothesis, we utilized age-(3 to 6 months old) and sexmatched PPAR␣ WT and KO mice to assess TNF expression during endotoxemia. WT and KO mice were fed either control chow or chow containing fenofibrate (0.5%) ad libitum for 2 weeks as described earlier. While the WT mice fed fenofibrate exhibited a significant increase in liver weight, the KO mice did not (data not shown), consistent with the original observations of Lee et al. (19) . The animals were challenged i.p. with E. coli LPS (12 mg/kg), and plasma was collected 2 h later. Data from a representative experiment (one of two experiments) are shown in Table 2 . Consistent with the results in CD-1 mice, LPS-induced plasma TNF levels were fivefold higher (P Ͻ 0.05) in fenofibrate-fed WT mice than in control-fed WT mice. However, LPS-induced plasma TNF levels were fivefold lower (P Ͻ 0.05) in fenofibrate-fed KO mice than in control-fed KO mice. There was no significant difference in LPS-induced TNF levels in control-fed WT mice versus control-fed KO mice. Glucose levels in plasma were also measured, and the results are shown in Table 3 . LPS treatment significantly decreased glucose levels in plasma in control-fed or fenofibrate-fed WT mice compared to those in mice challenged with saline. Consistent with the observation in CD-1 mice described earlier, glucose levels in the plasma of LPS-challenged mice were significantly lower in fenofibrate-fed WT mice than in control-fed WT mice. However, in KO mice, LPS treatment significantly lowered glucose levels in the plasma of control-fed mice but not in that of fenofibrate-fed mice. These data indicate that PPAR␣ is necessary to mediate the LPS-inducible, TNF-enhancing effects of fenofibrate. Moreover, the data suggest that in the absence of PPAR␣, fenofibrate treatment decreased the magnitude of TNF expression and subsequent hypoglycemia during endotoxemia. Effect of Wy-14,643 on LPS-induced TNF production in peritoneal macrophages from WT versus KO mice. Since TNF is a principal cytokine induced in vivo in response to LPS and is known to be produced by LPS-stimulated macrophages in vitro, we examined the effect of LPS treatment over time on TNF production in primary macrophages from WT versus KO mice in the presence or absence of Wy-14,643. We have shown previously that the concentration of LPS (10 ng/ml) used in these studies is nonlethal, as evidenced by cell viability (Ͼ95%, as judged by trypan blue exclusion) over the course of the experiment (14) . The results of a representative experiment are shown in Fig. 3 . No TNF was detectable in the culture supernatant fractions from saline-treated macrophages, and therefore, the saline-treated groups are not represented in the figure. Consistent with the results observed in intact WT and KO animals, we observed no significant differences in LPSinduced TNF production in macrophages from WT versus KO mice. However, short-term (72-h) in vitro treatment with Wy-14,643 significantly reduced (P Ͻ 0.05) LPS-induced TNF production in peritoneal macrophages from both WT and KO mice at the 4 and 6 h time points. These results suggest that, in cultured primary macrophages, the effects of Wy-14,643 on TNF expression are not mediated through PPAR␣.
Effect of overexpression of PPARs on TNF promoter activity. To test further whether PPARs are regulators of TNF expression, we tested mPPAR expression vectors alone and in combination with an mRXR␣ expression vector for changes in reporter activity when cotransfected with a human TNF promoter-luciferase reporter construct (hTNF-luc). PPARs can directly regulate target genes by heterodimerizing with RXR␣ and binding to promoter elements termed PPREs. PPARs may also indirectly regulate target genes by influencing the activity of other transcription factors, such as NFB.
The cotransfection results are shown in Fig. 4 . The control value is the luciferase activity in cells transfected with the reporter gene (hTNF-luc) plus the empty pEF-BOS expression vector and is expressed as 100%. The luciferase activity in 293T cells transfected with hTNF-luc was relatively high (1 ϫ 10 6 to 3 ϫ 10 6 RLU/mg of protein), even in the absence of any exogenously added TNF inducers or activators. PPAR␣ decreased hTNF-luc activity to 60% of control levels in the presence or absence of RXR␣. PPAR␤ had no significant effect on hTNF-luc activity in the presence or absence of RXR␣. PPAR␥ decreased TNF-luc activity to approximately 80% of control levels and to approximately 65% of control levels in the presence of RXR␣. RXR␣ alone had no effect on hTNF-luc activity. Although the cotransfection analyses we performed in this study show that PPARs influence TNF expression, the results do not allow us to conclude if the effect of PPARs on TNF expression was direct or indirect.
DISCUSSION
The data presented here show that PPAR␣ activators markedly up-regulated TNF expression, decreased plasma glucose levels, and increased mortality in mice during endotoxemia. Conversely, PPAR␣ activators modestly down-regulated TNF expression in vitro. Although the mechanism of action of fe- nofibrate or Wy-14,643 on TNF expression is unclear, we propose several possible explanations.
Firstly, PPAR␣ could bind directly to the TNF promoter. If PPAR␣ is a positive transcription factor for TNF, fenofibrate or Wy-14,643 could increase TNF transcription by activating PPAR␣ to form heterodimers with its partner, RXR␣, and interact with a PPRE in the promoter of the TNF gene. This could result in a larger pool of nascent TNF mRNA present in macrophages that is translated and secreted when exposed to LPS. Alternatively, PPAR␣ activators could increase expression of transcription factors or activation of another transcription factor(s) that regulates TNF expression. In previous reports, Wy-14,643 increased hepatic TNF mRNA transcripts by twofold, and antibodies to TNF blocked the proliferative effect of Wy-14,643 (4, 30) . Subsequently, Rusyn et al. (31) showed that Wy-14,643 increased NF-B binding in electrophoretic mobility shift assays with nuclear extracts from primary Kupffer cells. NF-B is well documented to be an important transcription factor that increases TNF transcription (2) . However, our data from in vitro studies do not support this idea. Short-term (72-h) treatment with Wy-14,643 decreased LPS-induced TNF expression in primary macrophages from either WT or KO mice, suggesting that the effect of Wy-14,643 was not mediated through PPAR␣. In fact, there have been contradictory reports about the expression of PPAR␣ in macrophages. Ricote et al. (28) reported that activated macrophages express only PPAR␤ and PPAR␥, but Chinetti et al. (6) have reported evidence for the presence of PPAR␣ in human monocyte-derived macrophages. This issue remains to be resolved. Although believed to be primarily a PPAR␣ ligand, it is possible that Wy-14,643 decreased TNF expression in primary macrophages through activation of PPAR␥. It has been shown that treatment of macrophages with ligands that activate PPAR␥, such as prostaglandin J 2 , decreased cytokine expression in vitro (5, 28) . Also, the results of transfection studies suggest that overexpression of PPAR␣ and PPAR␥ have inhibitory rather than stimulatory effects on TNF expression in 293T cells.
A second mechanism of action for PPAR␣ ligands on TNF expression in vivo might be explained by the hypolipidemic effect of these drugs. A number of studies have demonstrated that hypolipidemic animals are more susceptible to the deleterious effects of endotoxin, such as increased TNF production and mortality. Circulating lipoproteins provide a detoxifying mechanism by binding and removing foreign lipids from the circulation, thus providing a biological explanation for the hypertriglyceridemia observed in endotoxic animals. Fenofibrate has been shown to promote the clearance of chylomicrons (13) , and our data indicate that plasma lipid levels (cholesterol and triglycerides) were reduced almost by half in fenofibrate-fed animals. Feingold et al. have shown that hypolipidemic animals have higher LPS-induced TNF levels and higher mortality (10) . In addition, they showed that exogenous administration of chylomicrons improved survival in endotoxin-treated animals, presumably due to the ability of triglyceride-rich particles to bind endotoxin and prevent it from stimulating macrophages (10, 26) . If fenofibrate-fed animals have lower levels of chylomicrons, macrophages will be exposed to a higher concentration of endotoxin than that in control-fed animals with normal levels of lipids, thus accounting for higher TNF levels. Further supporting this idea was the fact that LPS-induced levels of TNF were dramatically higher in fenofibrate-fed WT mice but dramatically lower in fenofibrate-fed KO mice. Peters et al. (25) reported that the basal lipid profile in KO mice is different than that in WT mice, as evidenced by higher levels of total serum cholesterol, high-density lipoprotein cholesterol, hepatic apolipoprotein A-I (apoA-I) mRNA, and serum apoA-I. Although treatment with Wy-14,643 lowered apoA-I and triglyceride serum levels in WT mice, no change was observed in KO mice. These results suggest that in the absence of hypolipidemia, PPAR␣ activators lower TNF expression, perhaps through activation of PPAR␥. Although Wy-14,643 is primarily a PPAR␣ ligand, it has weak stimulatory activity for PPAR␥ as well (18, 39) .
Although these studies focused on the effect of PPAR␣ activators on TNF expression during endotoxemia, the results raise a number of questions about the regulation of PPARs following LPS treatment. Previous studies have shown that glucocorticoids increase and insulin decreases PPAR␣ expression in rat liver or rat hepatocytes (21, 35) . Our laboratory has also shown that PPAR␣ and PPAR␥ are decreased in white adipose and brown adipose tissues during endotoxemia in CD-1 mice (16) . However, to our knowledge, no one has examined whether or not PPAR activators prevent decreased expression of PPARs or alter glucocorticoid or insulin levels during endotoxemia.
In summary, the effect of PPAR␣ ligands on endotoxemia is complex. The agents may exert an anti-inflammatory effect through a repression of TNF transcription. This action of PPAR␣ on the TNF promoter may be direct or indirect. However, the systemic hypolipidemic effect of PPAR␣ ligands in vivo may be proinflammatory. The absence of serum lipids to sequester circulating endotoxin may increase macrophage activation. Further studies are under way to define the mechanism of PPAR␣ actions on inflammation.
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